In order to study the sedimentological response of the first episode of "cyanobacteria calcification event" in Phanerozoic, we studied the microbialites from Furongian Series in Qijiayu section, Hebei Province, which is located in the central part of the North China Platform. Cambrian Furongian Series is made up of three third-order depositional sequences, Depositional Sequence 1 (DS 1 ) in Changshan Formation and DS 2 and DS 3 in Fengshan Formation. Two beds of massive limestone of a shallow ramp facies developed in Changshan Formation and the first third-order sequence of Fengshan Formation. Both of them contains many dome-shaped carbonate structures that formed as a result of forced regression. These structures can be described as leiolitic bioherms, with a morphology like string of beads. In the current study, microorganisms such as Epiphyton, Girvanella and Renalcis are reported from the leiolitic bioherms. This provides not only documentation for the model of cyanobacteria calcification, but also describes the genesis of leiolitic bioherms by microbial processes inside cyanobacteria dominated microbial mats. Moreover, the diverse emergence of the calcified microorganisms represents the fossil evidence of calcified microorganisms' blooms in Cambrian Furongian and offers a reference for studying the complex microbial processes in such old carbonate depositions.
Introduction
The sedimentary record of Cambrian is obviously different from that of Precambrian because of the occurrence of skeletal metazoan, global greenhouse effect, diversification of organisms and the disruption caused to sediments by the infauna [1] [2] [3] . These factors are the main causes of shift in the depositional surface from microbial mat ground to mixed (microbes-metazoan) ground and resulting in the "Agronomic Revolution" and "Substrate Revolution" in Cambrian [1, [4] [5] [6] [7] [8] , which also characterized the sedimentation patterns during this time [9] . Especially after the dramatic extinction of archaeocyaths at the end of the Cambrian Series 2, carbonate buildups lacked metazoan reef during Middle Cambrian (Series 3) to earliest Ordovician [10] [11] [12] . The marine environment during this period is also known as skeleton-deficient ocean as the metazoan skeletons had not become the ultimate source for carbonate supply. Meanwhile, the edgewise conglomerate got well developed in most of the strata across the globe, which can be regarded as the product of tempestites [13] [14] [15] [16] . Furthermore, the microbial carbonate abundance increased with fluctuations in metazoan diversity during this certain period, which was inherited from the past and continued in the future. This period is, therefore, known as the recovery phase of microbial carbonate [16] [17] [18] [19] . Referring to the discovery of the fossilized calcified microorganism, which are well-preserved in the microbialites such as oncolite [20] [21] [22] , stromatolites and thrombolites [18, [23] [24] [25] [26] [27] [28] [29] [30] [31] , this period is also called the first episode of the cyanobacteria calcification event in Phanerozoic [32] .
The top part of Changshan Formation and the first third-order sequence of Fengshan Formation at Qijiayu section of Laiyuan City in Hebei province are comprised of bioherms, which is the result of the forced regression i.e. sea-level falling stage in these third-order sequence [33] [34] [35] [36] [37] . Various kinds of calcified microorganism are found in these bioherm such as Epiphyton, Girvanella and Renalcis, which provide important clues about the first episode of the cyanobacteria calcification event in Phanerozoic.
Study of depositional style and distinct microbial composition of these bioherms thus provide an insight into the complex formation mechanism of the microbial carbonate and bloom of cyanobacteria in Early Phanerozoic.
Geological setting
The Furongian strata in North China Platform comprise of Changshan and Fengshan formations [1, 33, 38, 39] which are equal to Chaomidian Formation [20, 24, 29, 31, 40, 41] . Its main features include: 1) the margin near the paleoland was occupied by the tidal flats [42] , 2) the carbonate mud dominated the shallow platform [43] , and 3) bioherms (or microbial reefs) developed along the margin of the ramp near the shore. That is quite different from the underlying strata with abundant oolitic limestone developed in Cambrian Series 3, North China Platform [1, 3, [40] [41] [42] [44] [45] [46] [47] [48] .
Study area is located in the northern margin of Taihang Mountain in the central part of the North China Platform. Thin section is situated beside the Qijiayu village, 10 km far away from Laiyuan city (Fig. 1) . Changshan Formation together with Fengshan Formation constitutes Furongian Series strata in Qijiayu section [3, 47, 48] , which can be subdivided into three third-order sequences (DS 1 -DS 3 in Fig. 2 ). Changshan Formation and the first thirdorder sequence of Fengshan Formation both formed from calcareous mudstone of shelf facies shallowing upward to massive micritic limestone of shallow ramp facies (Fig. 2) . The depositional sequence in the Furongian series defines a drowning unconformity of third-order sequence between Changshan and Fangshan Formations [49] . The boundary between Changshan Formation and underlying Gushan Formation is the facies change from shallow ramp facies (top part of Gushan Formation) to the shelf facies (lower part of Changshan Formation). The boundaries between DS 1 -DS 2 and DS 2 -DS 3 are all similar to the boundary between Gushan Formation and Changshan Formation. All of these boundaries are marked by the facies change from shallow to deep that caused by rapid transgression [1, 38, 39, 49] . Beyond that, depositional sequences (DS 1 -DS 3 ) defined by these boundaries belong to typical drowning unconformity sequences [1, 38, 39, 49, 50] .
Calcareous mudstone of shelf facies developed in the lower part of Changshan Formation with edgewise calcirudite lens. Most of the gravels inside the edgewise calcirudite lens are rounded to sub-rounded with poor sorting, and the iron encrustation around the gravels are obvious and in sharp contact with surrounding rock. These edgewise calcirudite lenses can be the product of storm debris transported from shallow water and subsequently deposited in the deeper water [1, [13] [14] [15] [16] 51] . The middle part of the formation comprises of mud-intercalated micritic limestone, while the upper part constitutes massive micritic/muddy limestone ranging from deep-middle ramp facies to the bioherm-bearing shallow ramp facies. The bioherm-bearing limestone in the top part of Changshan Formation constitutes the Forced regressive systems tract (FRST) of third-order sequence [35, 38, 39, 50, [52] [53] [54] [55] (Fig. 2) . Forced regressive systems tract is similar to the Falling-Stage systems tract which illustrates the sedimentary record of relative sea level fall [33] [34] [35] [36] 55] . It differs from the Exxon model [56] , which describes that the deposition mainly happened during the highstand system tract or sea level stagnation period and the successive erosional unconformities formed during the progress of forced regression. Fengshan Formation at Qijiayu section is comprised of two third-order sequence DS 2 and DS 3 [38, 39] . The sedimentation trend of DS 2 is same as DS 1 of Changshan Formation but a bit thicker than DS 1 . Calcareous mudstone of shelf facies consists the lower part of DS 2 in Fengshan Formation and forms condensed section (CS). The middle part of DS 2 comprised by mud-intercalated micritic limestone, while the upper part comprised by massive limestone that represent the continuous change of facies from deep ramp facies to shallow ramp facies. The bioherm-bearing limestone in the top part of DS 2 in Fengshan Formation constitutes the FRST of first third-order sequence [35, 38, 39, 50, [52] [53] [54] [55] . The second third-order sequence DS 3 of Fengshan Formation can be divided into three parts: mud-limestone of deep ramp facies with edgewise calcirudite lenses constitutes the CS; the Highstand Systems Tract (HST) comprising of interbedded leopard limestone and massive mi-critic limestone; and dolomitic limestone of tidal flat facies constitutes the FRST (Fig. 2 ). 
Methods
Leiolitic bioherms occur in two microbialitic beds at Qijiayu section, which was selected for a detailed examination of the calcified cyanobacteria (Fig. 2) . Samples from leiolitic bioherms from both Changshan and Fengshan formations were studied at the five scales of investigation (i.e., mega-, macro-, meso-, micro-and ultramicroscale). Lithological column of the exposed strata was constructed in the field and library to represent the outcrop features of the Furongian leiolitic bioherms. Samples obtained from the leiolitic bioherms were cut and polished in the laboratory for polished slabs and thin sections. The textural constituents (calcified microbes, intermicrobial sediments and cements) observed in the thin sections from the leiolite were determined by using more than 50 polished slabs and 200 thin sections. Scanning electron microscope (SEM) analysis were performed to outline the ultramicrocharacteristic of calcified microorganisms.
Results

Leiolitic bioherm in Changshan Formation
Macroscopic characteristics of leiolitic bioherm
Inside the massive micrite of shallow ramp facies in the top part of Changshan Formation a series of meter-scale dome structures developed extensively, which shaped the leiolitic bioherms (Fig. 3 ). This micritic outcrop is a complex sedimentological phenomenon, as the massive limestone is believed to be a product of high-energy environment, while the mud represents the deposition in lowenergy conditions. The contradiction about the origin of such limestone makes the bioherm-problem a discussable topic in sedimentology. The bioherm in Changshan Formation is made up of the leiolite, a microbialite with no obvious sedimentary fabric on macroscopic level. The cryptocrystalline nature of the bioherm may reflect the unstable sediment growth process and homogeneous chemical composition [32, [57] [58] [59] . These leiolitic bioherms are similar to carbonate mud mounds [11] and microbial reefs [24, 29] , however, their special position in the sedimentary strata ( Fig. 2) , the high-energy environment they represent and their microscale features ( Fig. 3 ) infer that the bioherm itself is a distinct type of micorbialite. 
Microbial composition of the leioltic bioherm
The matrix of the leiolitic bioherm is micrite. Yet several kinds of calcified microorganism were detected inside the bioherms showing their complex composition and formation mechanism associated with microbial activity. It mainly includes Epiphyton, Girvanella and Renalcis, which is suggested to characterize the microbial composition of the leiolitic bioherm.
Epiphyton and Girvanella
Epiphyton in the leiolitic bioherm from Changshan Formation is well preserved and characteristically branched (Fig. 4) . Dense and branched thallus construct its main body, with branches having 40-80 µm thickness and composed of mud micrite. So far, Epiphyton is subdivided into four morphological types based on characteristics of the branches: (1) bush-shaped and chambered thalli, (2) thick branches characterized by transverse segments, (3) thicker micritic branches that form round thalli, and (4) laterally arrayed and branching tubes that form fanshaped thalli [20, 40] . The characteristics of Epiphyton in the leiolitic bioherm encountered in the current study is similar to the type 1 [40] , which is characterized by thin virgate branches as seen in longitudinal section and round shape of transverse section (Fig. 4C) , which is similar to the calcified microfossils from dendrolitic and thrombolitic bioherms (or microbial reef) in Zhangxia formation, Cambrian Series 3 in Luxi area, North China Platform [20, 40, 41] . The taxonomic status of Epiphyton still remains open with following different understandings: 1) Epiphyton use to be considered as red alga because of its individual structure similar to the advanced algae in modern aqueous environment and its similarity to Renalcis as part of the calcareous red algae [60] ; 2) Epiphyton is also regarded as the advanced encrustation microorganism which represent that this branched filamentous microfossil cannot be classified as cyanobacteria [27] ; 3), instead together with Renalcis as the different stages of the life cycle of calcareous algae [61] , and 4) the research based on the shrub like analogue in modern lake environment shows that this calcified microbial fossil may not be the product of the calcification from the microbial mat surface but the result of heterotrophic bacterial colony calcification inside the microbial mat [62] , and the Epiphyton during the geological record may not represent the cell body but the microorganism sedimentary structure, which persists the morphology of individual bacteria or colony [20] . However, the interpretations of Epiphyton from ancient microbialites affirmed their identity as microbialreef or microbial carbonate builder through the role of cyanobacterial calcification process [9, 20, 40, 41, 63, 64] . Beyond that, the ecological research of modern Epiphyton recognizes their biogeocenose contribution to the primary production [65] . The hypothesis of Epiphyton as the product of the calcification process of cyanobacterial sphereshaped colony [66] can be associated with the description of Epiphyton as a filamentous calcification cyanobacteria (Oscillatoria and Calothrix) caused by heterotrophic bacteria [62] . Moreover, its characteristic of branching is quiet similar to the cyanobacteria like Fischerella in the morden environment [9] . The result from SEM (Fig. 4) shows that the Epiphyton fossils under the ultrastructural observation performs as a hollow body with an external calcification sheath, the feature very close to the typical product of filamentous cyanobacteria sheath calcification. Obviously, it is more reasonable to interpret Epiphyton as cyanobacteria or the residue of cyanobacteria calcification.
Besides Epiphyton, other filamentous microorganism fossils occurred inside the leiolitic bioherm (Fig. 5) . These thin and elongated microorganisms are tubular shaped, 0.7-2.5 mm in length and 0.1-0.5 mm in width, sub-parallel to one another (Fig. 5b, c) or tightly intertwined with each other. The external filament is characterized by thinwalled tubes made up of micrite and circular in transverse section, consisting of sparry calcite. These calcified microorganisms perform as characteristic of typical Girvanella. The Girvanella in leiolitic bioherm in Changshan Formation is having irregular banded distribution, with small portion of them showing intertwined aggregation or single filamentous appearance. Girvanella filament is uniform in morphology, the diameter is about 10-20 µm and the thickness of the crystal wall is about 5-10 µm, which is supposed to be the product of the cyanobacteria calcification [19, 63] . 
Renalcis
Renalcis have a distinct morphological difference from Girvanella fossils inside the leiolitic bioherm (Fig. 6) . Renalcis individual fossils is irregularly spherical or cystic, with its main body made up of the organic-rich mud micritic sheath having 10 µm thickness and its middle cavity filled with calcite of about 50 µm size. Renalcis bacterial colony occurs in different forms; its subspherical hollow aggregates with thick micritic walls may be aligned or linked closely, and grouped like grape bunches in different sizes [67] [68] [69] [70] .
Systematic taxonomic position of Renalcis is still uncertain, yet Renalcis and Epiphyton are mostly regarded as the main reef-builders at the end of the Late Proterozoic. Their wide development during the Cambrian and partial development in the Devonian attracted the attention of geoscientists [61] . The differences in appearance between the Renalcis and Epiphyton propose that Renalcis is not the cyanobacteria and even not the product of the cyanobacteria calcification [27] . Luchinina (2009) suggested to only use genus Epiphyton instead of five genera Renalcis, Gemma, Korilophyton, Chabakovia and Epiphyton, which is a bold argument in describing these enigmatic fossils, but these five morphotypes still remain the different phenomenon in geological record. However, Renalcis still appears like a spherical sheath obtained from cyanobacteria calcification, a morphological feature different from the typical filamentous cyanobacteria Girvanella [40, 62, 63, [67] [68] [69] [70] . Moreover, the developmental mechanism of dark mud micritic walls in Renalcis (the product of globular cyanobacteria calcification) is close to the calcification product of filamentous cyanobacteria sheath in Girvanella. These different morphological features indicate that Renalcis growth has been more tolerant to the environmental changes than Girvanella [19] , and represent the species diversity of cyanobacteria microbial mat during the leiolite formation. 
Leiolitic bioherm in Fengshan Formation
Sedimentary features of bioherm in Fengshan Formation
The leiolitic bioherm developed in the top part of the first third-order sequence DS 2 of Fengshan Formation represents the sedimentary record of the forced regressive process inside the third-order sequence, which illustrates relative sea level fall [33-36, 38, 39, 55, 71-73] . The main body of bioherm is formed by leiolite, and the macroscopic characteristics are similar to the one in Changshan Formation (Fig. 7a ), yet several differences in their microscopic fea-tures can be noted. Although the bioherms in Fengshan Formation show richness with respect to the carbonate mud, the different microscopic structures include: 1) no benthic ooides developed inside the bioherm, 2) no Renalcis and Epiphyton developed inside Fengshan Formation, which widely developed in the leiolitic bioherms in Changshan Formation, and 3) dark argillaceous agglomerates and vault-shaped conglomeration of dark micrites similar to the microstromatolites (Fig. 7b , c) 
Girvanella inside the bioherm in Fengshan Formation
Dark argillaceous agglomerate inside the microbial mat and vault-shaped conglomeration is made up only by Girvanella, which represents the single fossil species of calcified microorganisms (Fig. 8) . The Girvanella in leiolitic bioherm in Fengshan Formation is having irregular banded distribution, with small portion of them showing intertwined aggregation or single filamentous appearance. Girvanella filament is uniform in morphology, the diameter is about 10-20 µm and the thickness of the crystal wall is about 5-10 µm, which is supposed to be the product of the cyanobacteria calcification [19, 63] , and its calcification might be the main source of carbonate mud in Early Paleozoic [74] . The layer of dark mud sheath of fossil filament is the product of the cyanobacteria calcification [19, 63] (Fig. 8c) . This kind of calcification mainly depends on the environment in which the microbial mats are located, the carbonate saturation, and the CO 2 concentration mech- anism (CCMs) [19] . This sheath cell calcification is believed not to be the product of filamentous bacteria itself, yet the calcium carbonate crystals accreted on a protected mucus sheath by the interaction of HCO 3 − and Ca 2+ , or the cell surface nucleation process in which the cell containing the sheath was infected by CaCO 3 that defines the size and shape of the preservation of sheath [75] ( Fig. 9) . Moreover, in the process of calcification, the individual cells of filamentous cyanobacteria are not calcified, but are transformed by diagenesis after death, and are filled with bright calcite. The initiative calcification of filamentous cyanobacteria sheath is significantly different from the passivate calcification of cyanobacteria caused after the death of the sheath [19] . In the geological record, cyanobacteria are more inclined towards preserving the original shape of uniform sheath in vivo sheath calcification [76] , while after the death of the filamentous cyanobacteria degradation occurs by the calcification of the sheath, probably due to the inflow of calcium carbonate into cells forming the uneven thickness of sheath. The continuous sheath and uniform calcification inside the filamentous fossils of Girvanella in the bioherms from Changshan and Fengshan formations indicate that the surface sheath in these microbial fossils comes from calcification of microbial mats of living cyanobacteria. [19] . a-The Ultrasturctural features of Girvanella shows the continuous sheath of filamentous cyanobacteria; b-CO 2 concentration mechanism (CCM) involves carbon import by uptake of CO 2 and active transport of HCO 3 − into the cell where carbonic anhydrase enzymes convert CO 2 into HCO 3 that diffuses into the carboxysome. In the carboxysome, carbonic anhydrase again transforms HCO 3 − into CO 2 . This liberates OH − ions that are released from the cell. Calcification is stimulated by this photosynthetic uptake of CO 2 and HCO 3 − and release of OH − , which elevates sheath pH. At this raised pH, extracellular HCO 3 − converts into CO 3 2− , increasing saturation state with respect to CaCO 3 minerals and favoring CaCO 3 nucleation in the sheath [19] .
Discussion
Microorganisms use to be regarded as the 'geobiological agents' during the geological record because of their enormous biomass and the diversity of metabolic processes [77, 78] . The microbial mats, composed of microorganisms, represent the longest living span and are most widely distributed in ecosystem in the Earth history [79] [80] [81] [82] , which transformed the redox conditions of the earth environment [83] [84] [85] [86] [87] . The geological record of the calcified microbial mats, biofilms [32, 58, 88, 89] and microbialites show unique sedimentary deposits because of 1) having the longest geological range, 2) possessing the immensely diverse sedimentary environments, working as an agent for oxygenating the Earth's atmosphere, and 3) being capable of producing and storing large volumes of hydrocarbons [90] . However, being formed by the action or influence of microbes and not always preserving direct evidence for their mode of formation, they are believed to be the most attractive of sedimentary rocks to study [90] [91] [92] [93] [94] [95] [96] .
The shift in the abundance of microbial carbonate during the geological record is closely related to the important geological events (especially the mass extinctions), paleoclimate, paleo-oceanic environment and calcification of cyanobacteria [32, 58, [97] [98] [99] . The events of cyanobacteria calcification have been named as CCEs (Cyanobacteria Calcification Events) [32, 58, 88, 89] , which prevailed under the control of CO 2 content in atmosphere and saturation state of seawater carbonates [57] (Fig. 10) . It can be therefore inferred that tracing the evidence of calcified microorganisms retained in geological records is a key to open the door towards comprehending the conditions of paleoclimate, paleo-oceanic environment and the formation mechanism of microbial carbonate. Various kinds of calcified microorganisms such as Epiphyton, Girvanella and Renalcis (Fig. 4 to 6 ) widely developed inside the leiolitic bioherms in the top parts of Changshan Formation and the first third-order sequence of Fengshan Formation in Laiyuan City, Hebei province, in the central part of the North China Platform. Although, Epiphyton has been considered as red alga [60] , however, the SEM analysis show that the mainstream recognition of Epiphyton as cyanobacteria colony, or the product of the cyanobacterial colony calcification remains valid [9, 20, 40, 41, 63, 64] . This dearth of systematic taxonomic classification is mainly due to the lack of modern ana-logues [40] . Nevertheless, the discovery of rich Epiphyton from the leiolitic bioherm of Furongian Changshan Formation confirms that no extinction event of Epiphyton took place in North China Platform at the end of the Cambrian Series 3 and denies the theory of Middle-Late Cambrian reef transition and related geological events [24, 25] ). In addition, Girvanella and Renalcis together with Epiphyton verify the first episode of cyanobacteria calcification during the Phanerozoic, especially the external filamentous sheath comprising of dark micrites in Girvanella represents the product of cyanobacteria sheath calcification induced by CO 2 concentration mechanism (CCM) [19, 63] .
According to literature, presence of Epiphyton, Girvanella and Renalcis confirms the cyanobacteria to be the main contributors of the microbial mat on top of microbial structure characterized by aerobic photosynthesis and subsequent builders of the microbialites [9, 105, 106] . Occurrence of Epiphyton, Girvanella and Renalcis not only proves that the calcified microbial mats of cyanobacteria are the builders of leiolitic bioherm, but also indicate one kind of microbial assemblage which could form microbial carbonate in the early Paleozoic. Moreover, the difference between the fossil microbial signatures in the leiolitic bioherms in Changshan and Fengshan formations represent the regional changes in paleoenvironmental and paleoclimatic conditions and the evidence of high frequency biodiversity metabolism in relationship to SPICE (Steptoean positive carbon isotope excursion) event during Furongian [107, 108] .
Conclusion
The leiolitic bioherms in Changshan Formation and first third-order sequence in Qijiayu section in Laiyuan city, Hebei province, represent the product of the forced regression inside a third-order sequence bounded by drowning unconformities during the relative sea-level falling stage. The main composition of the leiolitic bioherm is micrite. It is suggested that the cyanobacteria Epiphyton, Girvanella and Renalcis have been members of the microbial mat community that formed the leiolitic bioherms. That not only demonstrated the recovery phase of microbial carbonate and the first episode of the cyanobacteria calcification event during the Phanerozoic, but also documents that the microbial mat formed by cyanobacteria and its calcification are the main causes of the leiolitic bioherm genesis. The presence of Epiphyton does not support the theory of Epiphyton extinction during the Cambrian in the North China Platform, which might have happened at the end of the Cambrian Series 3, as well as denies the probable resulting of the middle-late Cambrian reef transition. Most significantly, despite the different microbial compositions of leiolitic bioherm in Changshan and Fengshan formations, the large numbers of calcified cyanobacteria fossils still represent the evidence of calcified microorganisms bloom. Reporting a variety of cyanobacteria fossils from the leiolitic bioherm of Furongian series will provide several important clues towards further research on microbial carbonates and the cyanobacteria calcification event during the geological record.
